ABSTRACT
INTRODUCTION
The identification of genes expressed in response to different conditions is extremely important in molecular biology. This can help elucidate molecular mechanisms associated with disease, conditions of stress, drug treatments or a particular cell tissue development state. The recent availability of human high-density cDNA arrays (1, 8, 10, 12) and microchips (4, 5, 13, 14) offers a direct approach for this type of analysis. However, a major challenge to these procedures is the requirement for a large amount of intact, DNA-free mRNA (1-5 µ g) (8). Although this might not represent a problem in situations in which samples are in unlimited supply, it becomes a major obstacle when the only material available consists of but a few milligrams of tissue.
In this report, we describe a novel and efficient approach to resolving this common difficulty. Our protocol allows the successful identification of differentially expressed genes in specimens weighing <1 mg (total starting material of 0.05-1 µ g of total RNA). The strategy is simple and combines technologies that can all be performed with standard molecular biology equipment and commercially available kits. It basically consists of the following: (i) isolation of total RNA by silica-gel binding, (ii)a reverse transcriptase (RT) reaction using anchored modified, 5 ′ -end enhancers oligonucleotides, (iii)a stepwise, exponential amplification of the single-stranded (ss)cDNA strand and (iv) a hybridization to high-density cDNA filter arrays.
The human trabecular meshwork (TM), located at the angle formed by the cornea and iris of the eye, provides resistance to the flow of aqueous humor. When removed, it has the appearance of a small tissue thread and weighs about 0.5 mg (7). To test the validity of our approach, we attempted to identify up-or down-regulated genes by comparing freshly isolated human TM tissue with third-passage primary human TM cell cultures. As an example, we present the identification of four differentially and two equally expressed genes. To verify the accuracy, we evaluated the over and underexpression of these genes by semiquantitative polymerase chain reaction (PCR).
MATERIALS AND METHODS

RNA Sources and Extractions
Normal human eyes were obtained from The National Disease Research Interchange (NDRI), a nonprofit organization engaged in the procurement and distribution of human tissues and organs for biomedical research in the USA. Every pair of eyes used has the signed consent of the patient, and it follows the Tenets of the Declaration of Helsinki. Several fragments from TMs of four human eyes (36-42 h postmortem) were pooled and placed in an special sterile 1.5-mL microcentrifuge tube (pellet pestle-tube set, Catalog No. 749520-0000; Kimble/Kontes Glass, Vineland, NJ, USA) containing 350 µ L of the guanidine thiocyanate disruption buffer provided in the RNeasy ® Total RNA Kit (Catalog No. 74104; Qiagen, Chatsworth, CA, USA) (RLT buffer plus 10 µ L/mL β -mercaptoethanol). The tissue was homogenized with the disposable pestle, and the resulting lysate loaded onto a QIAshredder ™ Column (Catalog No. 79654; Qiagen) for complete shearing of the high-molecular-weight DNA. Extraction continued as indicated in the kit, and RNA molecules selectively bound to the silica-gel base were eluted with 30 µ L of RNase-free water. For the primary human TM cells (15), isolation of total RNA was conducted without the first homogenization step.
Reverse Transcription and Analytical PCR
Total RNAs were reversed-transcribed directly using the SMART ™ PCR cDNA Synthesis Kit (CLON-TECH Laboratories, Palo Alto, CA, USA). Aliquots of 3 (tissue) and 1.5 µ L (cultured cells), each containing 0.5 µ g RNA, were placed in a 0.2-mL thermal cycler tube (Catalog No. N801-0540; Perkin-Elmer, Norwalk, CT, USA) and mixed with 1 µ L 10 µ M modified oligo(dT) (CDS), 1 µ L 10 µ M SMART II oligonucleotide and distilled (d)H 2 O to a total of 5 µ L. For annealing, this mixture was heated at 70°C for 2 min, spun briefly and kept at room temperature. The reaction was followed by the addition of 2 µ L of 5 ×buffer, 1 µ L 20 Sho r t Technical Repo r t s mM dithiothreitol (DTT), 1 µ L 10 mM dNTP, 1 µ L of S UPER S CRIPT ™II RNase H -Reverse Transcriptase (200 U; Life Technologies, Gaithersburg, MD, USA) and incubation at 42°C for 1 h. The reaction was stopped by adding 40 µ L of TE buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA) and heating at 72°C for 7 min (final vol 50 µ L). All above reagents except for the RT are provided in CLONTECH's SMART kit, and all incubations are done in a GeneAmp ® PCR System 2400 Thermal Cycler (PE Biosystems, Foster City, CA, USA) to avoid evaporation.
To determine the number of cycles needed to obtain a population of representative double-stranded (ds)cDNAs, 1 µ L from each sscDNA reaction tube was mixed with 41 µ L of dH 2 
Generation of Exponential cDNA Probes for Differential Hybridization (SMART cDNA)
Two microliters from the original 50-µ L sscDNA stocks were amplified using the same conditions (same kit) as in the analytical PCR described above. After amplification, dscDNAs were purified using the QIAquick ™ PCR Purification Kit (Qiagen) and eluted with 50 µ L of TE buffer. Labeling was conducted by random priming (6) using the Ready-To-Go ® DNA Labeling Beads (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Each SMART cDNA sample was labeled in two different tubes. Twenty-five microliters of each were diluted with 15 µ L of dH 2 
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boiled, quenched on ice and added to the kit tube containing the labeling beads together with 10 µ L (100 µ Ci) of [ 32 P]dCTP (3000 mCi/mM, 10 mCi/ mL, Catalog No. BLU/NEG/513H; NEN Life Science Products, Boston, MA, USA). After incubation at 37°C for 1 h, the two reactions from the same cDNA were pooled (100 µ L total), passed through a Sephadex ® G-50 Nick Column (Amersham Pharmacia Biotech), and the radiolabeled cDNA was eluted with 400 µ L of dH 2 O. Under these conditions, 30%-60% of the [ 32 P]dCTP (ca. 1-3 ×10 8 cpm) is incorporated into the SMART cDNA.
cDNA Arrays
The gene arrays used here consist of a single 22-× 22-cm nylon filter membrane (GDA filter; Genome Systems, St. Louis, MO, USA) spotted with 18 376 nonredundant human cDNA clones chosen from the I.M.A.G.E. collection (9). Genome Systems has robotically picked these clones from the I.M.A.G.E. library and spotted them in gridded membranes following a double pattern. There are 36 864 spots per filter or 18 376 individual genes divided in 2297 small squares (8 genes per square). Membranes were wetted in TE buffer for 30 min before hybridization. Hybridizations were performed in a 10-mL solution of 50% deionized formamide, 6 × sodium saline citrate (SSC), 5 × Denhardt's solution and 1% sodium dodecyl sulfate (SDS), inside large, thin Seal-a-Meal ® bags cut and resealed to fit the gene array filter membranes. Incubations were conducted submerging the bags with the membranes in a shaking water bath at 42°C. For easy handling and to avoid unnecessary touching, membranes were handled using a flow mesh (Catalog No. FM-100; Diversified Biotech, Boston, MA, USA) cut to 23 ×23 cm. For the prehybridization step, 10 mg of sheared salmon sperm DNA (Catalog No. 750019; Research Genetics, Huntsville, AL, USA) plus 50 µ g of C OT -1 DNA ® (Life Technologies) in 1 mL of water were boiled for 5 min, quenched on ice and added to 9 mL of hybridization solution that was prewarmed at 60°C. Then, hybridization solution was added to the bag containing the membrane and incubated overnight. For the hybridization, each of the 400-µ L probes was mixed with the carrier DNAs, boiled and added to fresh hybridization solution as indicated above. Filters were washed 4 ×in 500 mL of 2 ×SSC, 1% SDS at 65°C for 20 min each, in a large plastic box with gentle horizontal shaking. The use of this moderate vs. a higher washing stringency is important. Because of different DNA fragment sizes generated during labeling, a moderate stringency will help retain, in the membrane, all the hybrids formed at the individual gene's DNA C OT , thus giving a more accurate determination of their differential expression. After the washing, damp filters were wrapped in plastic wrap and exposed to BioMax ® MR X-Ray film (Scientific Imaging Systems [Eastman Kodak], New Haven, CT, USA) at 4°C. The time of exposure of the membranes was adjusted to obtain the same general intensity in both of them.
Semiquantitative PCR
Aliquots of 1 µ L from a 10 × dilution of each of the two SMART cDNAs were amplified in 16-µ L reactions using specific primers for two internal controls. Normalization of the bands was conducted by densitometry at a cycle that is exponential for both reactions. Amplifications of each of the differentially expressed genes were then performed at exponential phase (newly determined for each tested gene) using the normalized template values and their specific primers. An outline of the complete procedure is presented in Table 1 .
RESULTS AND DISCUSSION
The study of gene expression in the human trabecular meshwork has been hampered by the natural small size of this tissue. For this reason, until now, the study of differential gene expression in the TM has not been feasible.
For the preparation of RNA, most existing protocols use ethanol to precipitate nucleic acids. In this study, both the lack of ethanol precipitation during the extraction procedure and the additional tissue-homogenization step provide the advantage needed to obtain maximal recoveries of transcription- nal transferase activity of the RT enzyme, which adds cytidines (C) to the end of the transcribed sscDNA (3,11).
The new cDNA end pairs with the 3 ′ Gs of the SMART II oligonucleotide, and then the RT switches templates and continues transcribing to the end of the SMART II sequence. To prevent the generation of RNA oligonucleotides that will interfere with this design, it is essential to choose a RT with RNase Hactivity. This strategy produces a population of enriched full-length sscDNA molecules, all containing the anchored sequence at their 5 ′ ends and the inverted anchored sequence at their 3 ′ ends.
The presence of the two extra nucleotides at the 3 ′ of the poly(A) tail prevents the occurrence of sscDNA with long stretches of poly(A) (2) . This is particularly important to avoid the "poly(A) effect" (1,10), which is responsible for one of the major artifacts in the hybridization of gene arrays. Figure 1 shows the results of the stepwise amplification of both cDNA samples. The PCR of the TM tissue reached its plateau after 20 cycles, while the PCR of the cultured cells reached its plateau after only 17 cycles. Following kit recommendations, this plateau was determined in the gel by both the disappearance of distinct bands and the increased high-molecular-weight smear in the lanes corresponding to the next set of cycles (23 for the tissue and 20 for the cultured cells). At these points, the cDNA molecules corresponding to the most abundant mRNA populations have ended their exponential growth. This analytical amplification was repeated several times here and in other differential expression experiments (not shown) with similar results. An additional advantage of using the stepwise amplification for comparison of differential expressions is that the accuracy of the initial amount of total RNA transcribed is no longer an issue; a problem that was always encountered when estimating RNA recoveries by any method. The total RNA compared is intrinsically corrected by selecting the number of amplification cycles based on when the reactions reach the plateau. In our case, if the original reading by spectrophotometer had been truly accurate, both samples would had reached the plateau after the same number of cycles.
The search for preferentially expressed genes was accomplished by hybridization to high-density cDNA arrays (8). Within one small square of the GDA filter grid, Genome Systems has spotted each individual clone twice. Positive hybridization signals, corresponding to true positive clones, are those in which the intensity of the two spots corresponding to the same gene are equivalent. Comparison between the same clone in the two membranes was done, taking into account the overall positive signal of the membrane. A number of differences were observed between the filters hybridized to the labeled SMART cDNA tissue and the SMART cDNA-cultured cell probes. Figure 2A shows a general view of one of the fields (field 6). For this study, we selected hybridization signals, corresponding to four differentially and two equally expressed genes. The α B-crystallingene (field 1, location M5, pattern 6; GenBank ® Accession No. N36655) is expressed in the tissue and down-regulated in the cultured cells. Fibronectin (field 6, location D19, pattern 6; GenBank Accession No. W20454) is weakly expressed in the tissue and up-regulated in the cultured cells. Elastase IIIA and osteopontin (fields 3 and 5, locations L13 and G10, patterns 3 and 4; GenBank Accession Nos. D00306 and J04765, respectively) are expressed in the tissue and are non-expressed in the cultured cells. Hypoxanthine phosphororibosyl transferase ( HPRT ) (field 6, location O17, pattern 8; GenBank Accession No. V00530) and major histocompatibility complex class I ( MHC-I) (field 4, locations G6 and H24, patterns 6 and 7, respectively; GenBank Accession No. M11886) housekeeping genes are equally expressed in both intact tissue and cultured cells. Figure 2 , B and C, show an example of two small regions of the membrane, containing in the center, the localization of the fibronectin ( Figure 2B ) and HPRT( Figure  2C ) genes. To further ensure reproducibility of the system, the experiment was repeated using new SMART cDNA reactions as probes. Hybridizations were performed by switching the gene array membranes with respect to the first experiment. The radioactive SMART cDNA from the tissue was hybridized to the stripped membrane previously hybridized to the SMART cDNA from the cells, and the one from the cells was hy -bridized to the membrane previously hybridized to the tissue.
To verify the differential expression of the genes identified with this strategy, we used gene-specific semiquantitative PCR. This method provides an estimate of the relative expression of the genes that is independent of the presence of repetitive or artifactual chimeric sequences in the expressed sequence tags (ESTs) of the gene array. Those sequences could lead to the generation of false signals during the first hybridization. More importantly, this assay allows the accurate identification of the selected genes by sequencing their PCR products. This is especially important when it is necessary to discern between genes that share enough similarity to hybridize to the same EST (family genes). HPRTand MHC-1were used as internal controls to normalize the amount of template in the tissue and cultured cells SMART cDNA samples. After amplification at 29 and 31 cycles, respectively, exponential for both reactions, normalization of the band was conducted by densitometry. Figure 3 shows the results of the semiquantitative PCR, demonstrating up-regulation of fibronectin(24 cycles), down-regulation of α B-crystallin (22 cycles) and the absence of elastase and osteopontin(35 cycles each) in cultured cells.
Finally, because of the high price of the gene array membranes and the importance of reducing the cost of the protocol, we investigated different ways of removing the radioactive probes from the filters. Currently, we heat to boil 1 L of a solution of 0.5% SDS and immediately pour it on a big plastic box containing the membrane. After gently shaking the box at room temperature for approximately 1 h, the membrane is exposed to check for remaining radioactivity. Usually, one round of stripping is sufficient, but the procedure can be repeated if some radioactivity is detected after the first round. Using this protocol, we have stripped and successfully reused the GDA filters up to six times. Once the filter is clean, we place it on top of TEwetted 3 MM chromatography filter paper (Catalog No. 3030917; Whatman International, Maidstone, England, UK), wrap it in plastic wrap and save it inside a film cassette at 4°C.
CONCLUSIONS
The strategy presented here allows the identification of differentially expressed genes and/or uncharacterized ESTs in very small tissue samples in which the isolation of considerable amounts of RT-quality RNA might present a difficult challenge. We have circumvented the existing problems by bringing together several different technologies and introducing pointers that greatly facilitate the execution of these experiments. The approach is reproducible, uncomplicated, does not require acquisition of special equipment and, for the most part, uses commercially available kits. The accuracy of the method is validated by using two different biological properties: (i) differential expressed clones are identified by hybridization and (ii) they are confirmed by PCR amplification.
This method presents a great advantage in the study of small samples from healthy and diseased tissue, different cell types from the same tissue, samples subjected to different treatments and/or cells treated with different inducers. We have been using this method routinely in our laboratory and, at the present time, we are applying this same strategy to even smaller amounts of starting RNA material. We have been successful in using this technique for comparison of RNAs isolated from approximately one-fourth of a single human TM ( ≤ 0.025 µ g of total RNA) (unpublished).
INTRODUCTION
Molecular biology relies on the ability to efficiently introduce foreign DNA into different hosts. Cloned DNA from bacteria, eukaryotes and archea is routinely moved into bacterial hosts for subsequent manipulations. The efficiency of acquisition of foreign DNA is limited by host restriction, the ability of the recipient strain to distinguish incoming DNA from its own chromosome and, preferentially, digest the invading DNA. Escherichia coliand Salmonellapossess potent type I restriction modification systems (4,10). These systems comprise three proteins. HsdS is the subunit that recognizes the specific DNA sequences that are to be methylated or restricted. Methylation by HsdM marks the DNA as belonging to the host and prevents it from being digested by the restriction subunit, HsdR. Naive DNA entering a bacterium is not methylated and is digested by HsdR. The restriction activity results in linear double-stranded (ds)DNA, which is rapidly degraded by the RecBCD complex (15). With a very low frequency, HsdM modifies unmethylated DNA before it is restricted by HsdR. The resulting methylated DNA is replicated and recognized as host DNA in future bacterial generations.
In the laboratory, host restriction hinders the introduction of novel DNA, such as phage or plasmids, into bacterial strains and limits the construction of mutants and their analysis. Many of the common laboratory E. coli strains used for recombinant DNA experiments contain mutations that prevent restriction (r -strains). In contrast, restriction deficient derivatives of most other species of bacteria are not available. Thus, host restriction must be overcome before foreign DNA can be efficiently introduced into these strains.
Plasmids can be moved between strains by conjugation, and it has previously been shown that the efficiency of DNA transfer by conjugation between Salmonellaand E. coli can be increased by a simple heat treatment (9). In this report, we describe the use of heat treatment to temporarily and specifically inactivate the restriction subunit of type I restriction modification complexes in enteric bacteria, thereby allowing high-efficiency introduction of foreign DNA into wild-type r + strains. We show that this technique is equally applicable to E. coliand Salmonella strains and might also be widely used to enhance the efficiency of DNA transfer into other bacterial species. 
MATERIALS AND METHODS
Strains and Phage
